Liquid phase Fischer-Tropsch synthesis was investigated with ultrafine particles (UFP) composed of Co. The catalytic activity of Co UFP was higher than that of precipitated Co catalyst. Apparent activation energies on Co UFP and the precipitated Co were found to be 16, and 10kcal/mol, respectively. Furthermore, Co UFP exhibited very low selectivity for methane formation compared with the precipitated catalyst.
Introduction
Fischer-Tropsch (FT) synthesis is accompanied by an extremely large heat evolution.
To improve the characteristics of heat transfer, liquid (slurry) phase synthesis has been developed1).
In the liquid phase synthesis, the solvent efficiently removes the heat of reaction so that the steady state reaction can easily be achieved.
Furthermore, waxy heavy hydrocarbons can be removed from the catalyst surface by action of the solvent, so that high catalytic activity can be maintained.
Although pulverized Fe catalysts were used in the past studies on liquid phase synthesis, we have studied the application of ultrafine particles (UFP) as a catalyst for enhancing the gas-liquid solid interface contact in a slurry reactor2)-4), and it has been found that Fe UFP is catalytically more active and selective for production of liquid hydrocarbon fuels than ordinary precipitated Fe catalyst. It has been shown in our previous works that the catalytic activity of Fe UFP for liquid phase FT synthesis is significantly enhanced by the addition of alkali metal5) and copper6),7).
We have also reported8) that the selectivity for olefin production of Fe UFP catalyst has been effectively promoted by fine particles of Mn oxide additive.
Apart from several catalyst formulations of Fe catalysts, considerable interest has been shown in Co-based catalysts for production of higher hydrocarbons.
Co-based catalysts exhibit low selectivity for carbon dioxide formation compared with Fe-based catalysts. The objective of this study is to determine the catalytic activity and selectivity of Co UFP for the liquid phase FT synthesis in comparison with ordinary precipitated Co catalysts.
Experimental

Apparatus and Procedures
Hydrogenation of carbon monoxide was carried out in a high pressure flow system equipped with a stirred slurry-bed reactor in the temperature range Syngas with a hydrogen-to-carbon monoxide molar ratio of 2 was fed to the bottom of the reactor through a nozzle and was allowed to react on the catalyst suspended in hexadecane. An ultrasonic generator was used to prepare a suspension of the catalyst prior to FT reaction. The experimental apparatus for the synthesis and the analytical procedure were reported previously7).
Catalyst
Co UFP and precipitated Co catalysts were used in the present study. The Co UFP was supplied by Vacuum Metallurgical Co., Ltd. and was prepared by the gas evaporation method. This UFP had a nonporous structure and the BET surface area of 32.3m2/g, according to the average * To whom correspondence should be addressed.
The precipitated Co catalyst composed of 100Co:18MgO:200 diatom earth (weight ratio) was prepared according to the method described by Anderson and co-workers9). The precipitated Co catalyst was also prepared using SiO2 obtained by Fuji Davison Co., Ltd. instead of diatom earth. The physical properties of SiO2 used in this study are summarized in The selectivity for higher hydrocarbons decreased and that for methane increased with increasing W/F. We deduce that the residence time of hydrocarbons produced in the pore is increased by decreasing size of pore diameter, and consequently the product distribution shifts toward shorter chain hydrocarbons and the selectivity for methane increases.
It is also possible to explain the results shown in Figs. 3 and 4 by diffusion of the reactant. When its diffusion is slow, the rate of desorption becomes fast compared with that of chain growth, resulting in high selectivities for methane and shorter chain hydrocarbons.
We conclude from these results that the high selectivity of Co UFP for the formation of higher hydrocarbons is related to its nonporous structure. Table 4 shows the particle sizes of Go, the number of active sites, and the STY of hydrocarbons per active site. Among the catalysts tested, Co UFP had the smallest particle size, and the largest number of active sites. Thus, the highest catalytic activity of Co UFP seems to be related to the small size of its particles as well as its nonporous structure.
As the rate of reaction on precipitated Co catalyst is controlled by diffusion of the reactant, Co UFP should provide greater STY than the precipitated catalyst when compared at certain number of active sites.
The STY of hydrocarbons on UFP catalyst, however, was smaller than that on other catalysts.
The activity of Co catalyst has been known to be enhanced by addition of MgO or ThO2.
The low activity of Co UFP seems to be caused by absence of MgO.
The STY of hydrocarbons on supported Co catalysts increased with increasing pore size of SiO2. Johnson et al.10) and Hercules et al.11) reported that the activity of supported Co catalyst was independent of the particle size when the activity was compared at certain number of active sites.
In contrast, it was shown by Bartholomew and co-workers12),13) that the activity of supported Co catalyst decreased 1-2 orders of magnitude with decreasing particle size. They reported that hydrogenation of carbon monoxide was structure insensitive on a well-reduced Co catalyst, while the hydrogenation was structure sensitive on a lowpercentage reduced Co catalyst. The supported catalysts used in this study exhibited high percentage of reduction, and had well-reduced Co surfaces.
As shown in Table 3 , the apparent activation energy increased with increasing pore size of SiO2 support. Therefore, the difference in the activity among the supported catalysts is interpreted as due to diffusion limitation.
Conclusion
Liquid phase Fischer-Tropsch synthesis was investigated with ultrafine particles (UFP) composed of Co, which was prepared by the gas evaporation method. Co UFP catalyst was more active than the precipitated Co catalyst. Furthermore, Co UFP exhibited very low selectivity for methane and high selectivity for formation of higher hydrocarbons compared with the precipitated catalyst.
Co UFP gave greater apparent activation energy than the precipitated Co, indicating that diffusion process affected the reaction on the precipitated catalyst.
The activity and selectivity of Co catalyst supported on SiO2 were varied with the surface structure of the support. The supported Co catalyst showed high activity and selectivity for production of higher hydrocarbons when SiO2 having larger pores was used as a support.
We conclude from these results that nonporous structure of Co UFP provides high catalytic activity and selectivity for production of higher hydrocarbons. 
